Multiple core-sheath flow was realized using matrix arrangement of 3D sheath flows. The sheath flow was hydrodynamically formed in a flow shift area which has symmetrical microgrooves on channel walls. Vertical and horizontal alignments of the sample streams are a key element of matrix configuration. The flow shift areas were connected in parallel to achieve horizontal alignment of the sheath flow. The cascade connection of the flow shift areas is used for vertical alignment of the sheath flow. In order to achieve matrix arrangement of core-sheath flow, combination of the parallel and cascade connections was utilized. In this work, the horizontal and vertical configurations of the 2-sample sheath flow were demonstrated. Two streams of the vertically aligned 2-sample sheath flow were joined horizontally, and, as a result, 4-sample core-sheath flow of matrix configuration was obtained successfully.
Introduction
Nanofiber is a potentially useful material in various fields [1] , and electrospinning is a simple way to fabricate nanofiber. In this method, syringe and needle are commonly used to feed materials in a high electric field. Control of properties of nanofiber, such as physical, chemical, and mechanical properties, is one of the key issues for practical application. Multiple component nanofiber which composed of various kinds of materials with different properties is effective in achieving control of properties. In order to obtain multicomponent nanofibers by electrospinning, several kinds of materials should be transferred at the same time to the electric field without mixing. However, it is difficult for a syringe to transfer all the samples separate from each other. Emulsion has been utilized to fabricate bicomponent fibers [2] . However, because of discontinuity of the droplet, the formed bicomponent region is intermittent and, considering multicomponent, it is very difficult to inject multiple kinds of droplets simultaneously to the high electric field. To realize multiple component fibers by using emulsion, the size, position, and timing of each emulsion droplets should be precisely controlled.
Microfluidic devices have been used to fabricate nano-/microscale fibers [3] [4] [5] [6] . Laminar flow condition in microchannel is effective in transferring several samples at the same time without mixing. Microfluidic chips have been applied to electrospinning, and continuous bicomponent nanofibers are successfully fabricated [5, 6] . For considering biomedical applications, multicomponent nanofibers with a multiple core-shell configuration are preferable. For example, biocompatible materials of shell region can prevent poor biocompatible materials of core region from being exposed. 3D sheath flow is a suitable way to form core-shell configuration of fiber. Several 3D sheath flow devices have been reported [7] [8] [9] [10] . Multilayer structure and multiple sheath inlets were popular methods. In order to achieve multiple sheath flow device, the part of the microstructure that enables coaxial sheathing of sample stream should be integrated into a chip. However, due to the complexity of those methods' structure and increment of number of inlets, thes are not practical to realize multiple core-sheath flow devices. Recently, 3D sheath flow was hydrodynamically formed by using a 3D-grooved microchannel [11, 12] . Since these sheath flow devices have a very simple structure and a few sheath inlets, they are easy to integrate. So this method is preferable for developing multisample sheath flow devices. Figure 1 shows concept of multiple core-sheath flow. Several sample (core) flows are embedded in a carrier (sheath) flow. In order to achieve symmetry of fiber structure and core arrangement, sample streams are aligned in matrix. The matrix arrangement of sample stream is composed of horizontal and vertical alignments of sheath flows.
Principle

Concept of Multiple Core-Sheath Flow.
In this work, firstly, we developed horizontal and vertical configurations of sheath flows. Then the vertically aligned sheath flows are aligned horizontally to achieve matrix configuration of core-sheath flow. As demonstrations, the horizontal and vertical alignments of 2-sample sheath flow were developed. In horizontal sheath flow, control of sample flow rates was performed for potential application of control of the composition ratio of nanofiber. And 4-sample coresheath flow was realized by horizontal alignment of the two streams of the vertically aligned 2-sample sheath flows. top walls of the microchannel. Figure 2 shows the schematic drawing of the flow shift behavior. Since liquid flows along the symmetric microgrooves, two opposite directional rotating flows are generated, and at the center region of the microchannel cross-section downward stream is generated. The position of the sample flow is shifted by exploiting the downward stream to the center of the microchannel. As a result, the sample stream is completely surrounded by carrier stream, and a 3D sheath flow is realized. The grooved microchannel was formed in PDMS single layer, and only two inlets, one sample inlet and one sheath inlet, were needed. The flow shift areas could be easily integrated because of simple structure. The horizontal and vertical configurations of sheath flows were achieved by connecting the flow shift areas in parallel and cascade, respectively.
Three-Dimensional Sheath
Methods and Materials
Device Fabrication Method.
The sheath flow device was fabricated by soft lithography of PDMS using SU-8 structure as a mold. Figure 3 shows fabrication process of the SU-8 mold. Firstly, SU-8 was spin coated on a Cr-patterned glass substrate, and UV was exposed to form microchannel (Figure 3(a) ). In order to fabricate symmetric-slanted microgrooves on side walls, UV was irradiated from backside of the inclined substrate (Figure 3(b) ). After spin coating of SU-8 second layer, UV was exposed to form V-shaped microgrooves on top of the mold (Figure 3(c) ). Finally, SU-8 was developed and 3D mold structure was obtained (Figure 3(d) ). The PDMS-molded structure was sealed by a glass substrate using oxygen plasma treatment.
Experimental
Setup. 3% polyvinylalcohol-(PVA-) water solution dyed with Rhodamine B and FITC (fluorescein isothiocyanate) were used as sample liquids. PVA-water solution without fluorescent dye was used as a carrier liquid. The sample and carrier liquid were introduced into a microchannel using syringe pumps (KDS200: Kd Scientific). 3D sheath flow was observed by cross-sectional fluorescent images acquired by a confocal fluorescent microscope (TCS SL: Leica Microsystems). Figure 4 shows sample flow behavior in the flow shift area. Sample and carrier were introduced at the volume flow rate of 1 L/min and 20 L/min, respectively. As mentioned above, it was observed that the sample stream gradually shifted toward the center of the microchannel, and at the end of the flow shift area the 3D sheath flow developed.
Results and Discussions
Flow Shift by 3D Structure.
Horizontally Arrayed Sheath
Flow. To achieve horizontally arrayed sheath flow configuration, the flow shift areas are simply connected in parallel. In this paper, two flow shift areas are connected to demonstrate a 2-sample sheath flow. The two streams of 3D sheath flow were joined, and a laterally arrayed 2-sample sheath flow was achieved as shown in Figure 5 . The ratio between the two samples of Rhodamine B and FITC can be controlled by changing the flow rate. Each flow rate was controlled from 1 L/min to 5 L/min; meanwhile, the total flow rate was constant at 42 L/min. It was observed that the diameter of each samples changed along with its flow rate. The control of the sample ratio is potentially applicable to realize changing of the composition ratio of nanofiber.
Vertically Arrayed Sheath
Flow. To achieve vertically arrayed sheath flow configuration, the flow shift area was connected in cascade. As a demonstration, two flow shift areas were connected, and a vertically aligned two-sample sheath flow was obtained, as shown in Figure 6 . The flow rate of Rhodamine B and FITC was 1 L/min each, and the total flow rate was 22 L/min. In cascade connection, one carrier inlet is needed and total flow rate is lower than that of parallel connection. Though total flow rate is different compared to that of the parallel connection, the flow shift behavior is the same because of laminar flow regime. It is also observed that the diameter of the sample in the channel cross section changed along with the flow rate. Since the degree of the sample flow shift depends on the number of the microgrooves formed on channel walls, the distance between the two samples can be controlled through the combination of the number of the microgrooves between the former and the latter flow shift areas. 
Multiple Core-Sheath Flow.
Multiple core-sheath flow can be realized by combining the parallel and cascade connections of the flow shift areas. In this work, two vertically aligned 2-sample sheath flows were laterally arrayed side by side to realize a 4-sample core-sheath flow. Two cascade connections of the flow shift area were connected in parallel. The flow rate of the samples was 1 L/min and that of a carrier flow was 20 L/min; as a result, total flow rate was 44 L/min. Figure 7 shows 4-sample core-sheath flow. It was observed that each sample flow was vertically elongated, and the separation between Rhodamine B and FITC became unclear. In this device, two branches of the 2-sample sheath flow microchannel were joined into a main microchannel. Since the dimension of these microchannels was the same (width: 100 m, height: 100 m), each sheath flow should be compressed in lateral; as a result, the sample flows of Rhodamine B and FITC were elongated in vertical direction and their boundary became unclear. To realize a more clearly separated core-sheath flow, the width of the main channel should be designed to be two times wider than that of the branch channels.
Conclusions
Three-dimensional sheath flows were arranged in a matrix configuration. The vertical and horizontal arrays of the sample flows are key components to achieve matrix arrangement. The vertical array sheath flow was obtained by cascade connection of the flow shift areas, and the horizontal array sheath flow was obtained by parallel connection. Unlike conventional devices, the presented sheath flow microfluidic device is planar and easily fabricated without complicated alignment and bonding of several substrates containing microchannel, inlets, and outlets. Changing flow rate of sample streams, the diameter of the sample in microchannel cross section could be controlled. The matrix arrangement of the multiple sample three-dimensional sheath flow device could be potentially applicable to achieve multicomponent nanofiber by combining electrospinning. We have already developed microfluidic devices for electrospinning and are trying to find conditions to achieve multicomponent nanofibers.
